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The overall purpose of this research task is to study the
effects of so0il properties and ecosystem-variables on nitrous-
oxide (N70) exchanges at the soil-atmosphere interface, and to
assess their effects on the globle N0 budget. Experimental
procedures are implemented in various sites to measure the
source/sink relations of N30 at the soil-atmosphere interface
over prolonged periods of time as part of the research of
biogeochemical cycling in terrestrial ecosystems. A data-base
for establishing quantitative correlations between N30 fluxes
and soil and environmental parameters that are of potential
use for remote sensing, is being developed.

Specific activities within this project, during the
period October 10, 1985-June 30, 1987 were:

1. The development of methods for accurate measurements
of N0 fluxes in the field was continued. A field sampling
and laboratory analysis procedure was field-tested in the
comparative study of adjacent desert- and cultivated-soil sub-
sites in the Jordan Valley (see below).

2. A field station was constructed and measurements of
N70 dynamics were conducted in a desert soil in the Jordan
Valley (near the Dead Sea), under two extreme cultivation
regimes: The virgin, sterile soil and a reclaimed plot grow-
ing corn under intensive cultivation. Nitrous oxide concen-
tration-gradients in the atmosphere and in the soil, and N3O0
fluxes at the soil-atmosphere interface, were measured simul-
taneously during the growth period of the corn. Significant
differences between the fluxes in the two adjacent sub-sites
were observed and possible sink activities in the desert soil
were identified. The data is now being analyzed, to statis-
tically assess the trends and quantify the differences between
the two sub-sites, with particular emphasis on the gquestion of
the possible role of desert soils as N0 sinks.

3. An invited lecture was presented at the Interna-
tional Conference on "Man's Role in Changing the Global En-
vironment® (Venice, October 1985), under the title: "Global
Budget of N70: The role of soils and their change and degra-
dation in terrestrial ecosystems". A paper was published in
the proceedings of the conference. A reprint is attached as
Appendix to this report,
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GLOBAL BUDGET OF N,O: THE ROLE OF SOILS AND THEIR CHANGE
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ABSTRACT

The atmospheric concentration of nitrous oxide is increasing. A gross
analysis of the global sources and sinks of this gas identifies soils as being a
major source which is presently unconstrained quantitatively. The need to
address atmospheric N20 trends in the next 20-30 years, in view of its many
faceted effects on. atmospheric chemistry, the global thermal budget and

biospheric processes, dictates the need for a concerted effort to study, analyze
and monitor N,0 emissions from soils in all the terrestrial ecosystems.

INTRODUCT ION

A trend showing an increase in the concentration of nitrous oxide (N20)
in the troposphere has been established by careful studies over the last decade
(1,2). The rate of increase is 0.2-0.5% per year amounting to a net addition to
the atmosphere of 2.8-65.6 Tg N,O-N per year. This perturbation increasingly
affects stratospheric chemical cycles, the thermal balance of the Earth, the

biosphere in general and human environment in particular,

ATHMOSPHERIC DYNAMICS OF N,0

Nitrous oxide has a complex atmospheric chemical cycle (3,4,5). Because it
is stable and thus inert in the lower atmosphere (troposphere), it is carried
into the stratrosphere where it is photolytically oxidized to nitric oxide (NO)

by the following reaction:

NO + o(!p) » 2NO (1)
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The NO gas, which is much more reactive, catalytically converts ozone to

molecular oxygen (6):

NO + O3 > NO, + O, (2)

NO, + O > NO + O, (3)

03 +0 =2 02 (net)

Hence any increase in the NZG flux into the straiosphere may be expected to
result in ozone loss. In addition to its chemical effects, N,0 absorbs
radiation in the infrared range, (peaks of absorption at 7.78, 8.56 and 17.0
um), adding to the Greenhouse Effect of other trace gases in the atmosphere,
Recently, it was estimated that an increase of 25% in atmospheric NZO will cause
a global average temperature rise of 0.1K (5),and reduce the average globa)
ozone column by 3-4% (7.8). A 1% decrease in ozone was estimated to increase
the incidence rates of various skin cancers by 2-10% with the higher effects
being at the lower geographical latitudes (9).

It is thus evident that the cumulative effects on global climate and
biosphere, resulting from a continuing increase of NZO in the atmosphere, may be
significant. We are then faced with the question: Will the recently observed
trend of increase in atmospheric N, 0, continue in the next 2-3 decades? The
answer requires a better understanding of the global cycles and processes
of N,O. e
GLOBAL SOURCES AND SINKS

One way to apprﬁééh this'qhéstion is by studying the global sources and sinks
of N20 in a framework of an ;nnual global budget of NZO. A simple, 13-
compartment budget—-model was developea feceﬁtly by Banin et al. (7) for the
global N20 balances at the end of the 1970's on the basis of 1984 data. The
three compartments considered are the atmo§ﬁhere" thé ocean and the land. The
current estimates of the source and sink terms for each global compartment are

shown in Table 1, and discussed below.



ORIGINAL PAGE I5
OF POOR QUALITY

29

TABLE 1. Estimated annual production, consumption and accumulation of N,0 in

the three global compartments. (Data for the late 1970's.

(7)).

Based on Banin et al.

COMPARTMENT Flux,Tg N O-N yr~1
ATMOSPHERE
Sources
Lightning <0.01
Power-line corona 0.02-0.5
Excited species chemistry 0-20(?)
Sinks
Stratospheric photolytic decomposition 6-11
Accumulation
0.2-0.4% per year 2.8-5.6
OCEAN (including estuaries)
Sources 2-10
Sinks -
LAND
Sources
Natural soils and ecosystems 2.6-25.0
Cultivated soils
Fertilizer N—conversions 0.1-1.6
Organic matter decay 1.5-3.8
Biomass burning 1-2
Fossil fuel combustion 1-2
Waste-water treatment 1-2
Sinks
Desert sands, anaerobic soils ?

The atmosphere

Sources in the atmosphere are believed to be small; mainly resulting from N,0

production by lightning and coronal discharges (10).

A recent suggestion by

Prasad (11), of a mechanism for Nzo production by reactions of various excited

chemical species in the atmosphere, has led to some controversy (e.g., 12) with

estimates of its global magnitude varying widely

atmospheric

(stratospheric) sink, due to the photolytic decomposition reaction shown in

Equation 1, is now quantitatively constrained, as is the rate of accumulation in

the troposphere (Table 1).

The Earth-Surface

Basic processes: In the major part, N,O production on land and in the oceans
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results from biologically mediated nitrogen conversions, which are either part
of natural biospheric processes or anthropogenically enhanced activities such as
nitrogen-fertilization, biomass burning and waste-water treatment. Non-
biological production by chemically driven natural nitrate reduction
(*'chemodenitrification") has been observed on a limited scale; However, most of
the non-biological production is due to anthropogenic sources, including

combustion processes and biomass burning.

The production of N,0 in biological nitrogen transformations has been
observed during denitrification, nitrate reduction, and nitrification, as shown
schematically in Fig. 1. These processes involve many groups of microorganisms,
and N20O, in most cases, is an intermediate in a series of sequential oxidation-
reduction nitrogen transformations, The cause and effect relations of N0
fluxes from the Earth surface into the atmosphere are complex, since N0
emissions may result from nitrogen transformations occurring at ‘“opposing'
directions. Since the wvalency of nitrogen in N0 is +1, it appears as an
intermediate in both the oxidative conversion (nitrification) of ammonia
nitrogen to nitrate (N"3 *'N+S and the reductive conversion (denitrification)
of nitrate to dinitrogen (N+5 *'No). As an intermediate gaseous product, N20
may ''leak" to the atmosphere before being consumed and further converted. The
muititude of pathways that lead to N20 production have complicated the study of
N,0 dynamics sipce variable results are observed under apparently similar
environmental conditiions, both in the ocean and on land. Particularly in soils
where microenvironments inside aggrugates may grossly differ from the bulk of
the soil, high spatial and temporal variability have been observed even when
repetitive sampling was done on scales of few tens of centimeters (13). This
resulted in conflicting views with regard to N,0 emission rates into the
atmosphere and the parameters affecting them, that can not be completely
resolved yet, and require further detailed studies (see for example reviews by

Scranton (14) and Delwiche (15)).
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NITROSOMONS (AMMONIUM OXIDIZER
(a) NITRIFICATION < NITROBACTER (NITRITE OXIDIZER) )

AMMONIFICATION[
ORGANIC ~ ————— NH; —— NHOH —— N0 —— NO; ——— NO3

© ,.= ’

(1) ASSIMILATORY NITRATE REDUCTION (ALGAE)

(1) DENITRIFICATION (VARIOUS MICROBIAL GROUPS}
(DISSIMILATORY NITRATE REDUCTION)

(2) CHEMODENITRIFICATION

® | '

NO3 —— NOj NO N,O —— N,
1

{ / |

N-FIXATION (NITROGENASE ENZYME)

Fig. 1. Schematic description of nitrogen conversions involving NZO: (a) The

nitrification sequence, (b) The denitrification sequence.

The oceanss Estimates of the oceans' contribution to the global N,O budget
have been continuously decreasing since the mid-1970's. This is the result of
intensive measurement program over the last decade or so, and in no small part,
due to technical improvements and increased precision and reproducibility of N, O
analyses by gas chromatography.

Early works (16,17) have reported high supersaturation (up to 230% saturation
in the ocean mixed layer) of the north and tropical Atlantic, and the ocean was
identified as a major source emitting, on the global scale, about 85 Tg N,O-N yrl
(17). However, a series of studies later showed lower or no supersaturation of

the mixed ocean layer, and an undersaturation of deep ocean waters (18,19,20).
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An extensive series of measurements by Weiss (21) established that in general
the surface layer of the ocean is in equilibrium with the atmosphere, except for
upwelling locations where the water is frequently supersaturated with respect to
NZO' The latter finding was confirmed by Elkins et al. {(22) and by Pierotti and
Rasmussen (23). The emission of NZO in upwelling areas may be locally
significant but is not believed to be an important contributor to the global N20
budget (3). Furthermore, since the findings show that the surface layer
of the ocean is generally in equilibrium with the atmosphere or slightly
supersaturated, it is not 1likely that the ocean is a major global sink
for NZO' though localized absorption may take place where anoxic conditions
prevail (24). Denitrification is, however, an important process in maintaining
the steady state concentration of nitrogen in the sea, and it is estimated that
about 10-70 Tg N yr"1 are lost to the atmosphere by this process (25).
However, it appears that most of this loss is in the form of N, and not N,O0,
probably due to complete conversion of nitrogen by the oceanic denitrifiers to N,

while this does not always happen during denitrification in soils on land. In
fact, several reports have suggested that the source of whatever N,0 being
released from the ocean is the nitrification process rather than denitrification
(19,20,22,24). Although it is still debated what is the prevailing mechanism(s)
of N,0 production in the ocean (14), it is believed now that the ocean is,
grossly speaking, a closed compartment or possibly a small source with respect
to nitrous-oxide on the global scale.

The land: It thus appears that the possible sources(s) for the observed

increase in  atmospheric NZO concentration are land-based and largely
anthropogenic. The land-based sources include emission from soils, combustion
processes, biomass burning and waste-water treatment operations. Emission from
soils has been identified as being by far ihe largest.~ and quite 1likely the
Jeast understood source. It is highly variable in space and time, and varies
with moisture, temperature, nitrogen content and organic.carbon content of the
soil, These are modulated by vegetation, climate and cultivation intensity

(4,7,15). In numerous field studies, mostly conducted in cultivated soils,
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emission of N20 was observed in the majority of cases (26-33), whereas uptake
was seldom measured (28,34). The emission rates varied from 0.5-1.0 Kg N,0-N ha !
yr =1 in non-fertilized soils (27), to 6-40 Kg N, (N ha™! yr'l in heavily
fertilized and frequently irrigated fields (35) and up to 100-200 Kg NZO—N ha™!
yr-1 in cultivated organic soils (27). These values are based on relatively
short periods of measurement that always showed a large scatter of emission
rates both temporally and spatially. This is so because, unlike the ocean
environment, the top layer of soils is extremely heterogeneous, and the redox,
thermal and chemical conditions in it vary considerably in space, and rapidly in
time, leading to gross uncertainties in flux estimates for fields, let alone for
whole regions.

Even less well characterized are the emissions from non-cultivated soils.
The few recent reports for forests, surprisingly showed high emission rates:

-1

0.4-40 Kg NZO—N ha~} yr~ " from temperate forest soil in Michigan (13) and 0-13

Kg N,O0-N ha~! yr’l in a tropical forest soil in the Amazon Basin (36). These
high values, if representative of forest soils in general, may suggest the
possibility that soils in natural ecosystems are major global sources of NZO.'
Additional measurements in field and forest soils, for prolonged periods of
time, are needed, however, before this can be conclusively shown.

Estimates of the magnitude of the contribution of soils to the global N,0
budget have been varied within wide limits. in 1982, Soderlund and Rosswall
1

(37) estimated emissions from the earth surface to be 100 Tg NZO—N yr- (with

-~

uncertainty limits of 35 to 350) of which soils contributed 45 (10-100) Tg NZO-N

yr~! . More recently, Crutzen (38) revised drastically the estimates for earth-

surface emissions to balance them against the better established stratospheric
decomposition rate of 6-15 Tg N20-N yr"1 . He did not assign any value for
emission from natural soils, and a value of just 1-3 Tg NZO—N yr-l to cultivated
lands. Addressing the same problem at about the same time, Stedman and Shetter

! and a sink term

(3) assigned to soils a global source term of 38 Tg N, O-N yr =
of 50 Tg N:O-N yr "% {net sink of 12 Tg N,O-N yr 1), Both these views are

somewhat difficult to reconcile with the many observations of measurable
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emissions of N,0 from both cultivated and natural soils.

For their recent global budget, Banin et al. (7)., calculated emission from
natural soils on the basis of flux estimates for various ecosystems, multiplied
by their respective area, and obtained an estimated global source of 14(3-25) Tg
N,O-N yr-1 . for cultivated soils two sources were considered by Banin et al.
(7): N-fertilizer transformations and organic matter decay. These sources are
better constrained than those of natural soils on the basis of a relatively
large number of measurements in cultivated fields, conducted mainly between 1975
and 1980, and are estimated to be 3.5 (1.6-5.3) Tg NZO—N yr“(Table 1). However,
changes of agricultural regimes and activities such as increased fertilization
in intensive agricultural areas in the developing countries and an increasing
tendency for adopting zero-tillage practices over large agricultural areas may
increase NZO emission; {t is thus imperative that follow-up studies will be
conducted in cultivated lands to assess the long-term trends in nitrogen
transformations and their effect on N20 emissions. Even a more important long-
term effect may be due to soil acidification in forests as a result of acid-rain
and acid-dry deposition, since low soil pH favors N20 as the end product of
denitrification (39). We know practically nothing of the changes of N20

emission in acidified forest soil under acid-deposition stress.

THE GLOBAL BUDGET

A concise annual global budget of N,0, based on the estimates of sources and
sinks given in Table 1 is presented in Table 2. The presently available data,
using conservative emission rates for the land-based sources as done here, show
an apparent global "surplus' of up to 50 Tg NZO—N yr'1 . This discrepency will
be resolved either by changing the estimates of the magnitude of the atmospheric
sink and accumulation terms or by putting better constraints on the values of
emissions from soils, and identifying additional sinks on land. Brief reports
have suggested the possibility of NZO decomposition by a thermal-catalytic
process upon interaction with 'desert-soils" (40, 41). Since the values for the

two atmospheric terms are based on atmospheric chemistry models and calculations
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that have been experimentally validated over the last few years, it is not
expected that they will be grossly modified (4). The terms related to soils are
those that need further evaluation.

TABLE 2. The global atmospheric N20 budget sheet; concise form, based on data

in Table 1. (Following Banin et al. (7)).

Tg N,O-N yr !

Range Mean
SOURCES (SO)
Land
Natural 3-25 14
Anthropogenic 5-11 8
Oceans 2-10 6
Atmosphere 0-21(1) 2(7)
Total Sources 10-67 30
SINKS (SI)
Atmosphere -1 8
ACCUMULATION (AC)
Atmosphere 3-6 4
BALANCE (B)
B=SO-(SI1+AC) -1- +51 18

CONCLUS IONS ~

On paper, the global N,0 budget still appears to be grossly unbalanced, with

a surplus of documented sources over sinks of up to 50 Tg NZO—N yr'1 ., an amount

only slightly smaller than the world's annual industrial nitrogen fixation for

production of N-fertilizers. While atmospheric and oceanic source-sink terms in

N20 cycles are relatively well constrained, those of soils in

the global

terrestrial ecosystems are not. This is the major loophole in our documentation

of the NZO fluxes on Earth and a major block in the attempts to predict future

atmospheric changes of this gas. There is a definite need to evaluate the

effects of prolonged use of soils, increasing intensification of agricultural
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activity, deforestation processes, soil acidification and organic matter decay,

on the budget and dynamics of this trace, partly oxidized nitrogen gas in soil-

air and in the atmosphere.
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